Abstract: Proton transfers are fundamental to chemical processes in solution and biological systems. Often, the well-known Grotthuss mechanism is assumed where a series of sequential "proton hops" initiates from the donor and combines to produce the net transfer of a positive charge over a long distance. Although direct experimental evidence for the sequential proton hopping has been obtained recently, alternative mechanisms may be possible in complex molecular systems. To understand these events, all accessible protonation states of the mediating groups should be considered. This is exemplified by transfers through water where the individual water molecules can exist in three protonation states (water, hydronium, and hydroxide); as a result, an alternative to the Grotthuss mechanism for a proton transfer through water is to generate a hydroxide by first protonating the acceptor and then transfer the hydroxide toward the donor through water. The latter mechanism can be most generally described as the transfer of a "proton hole" from the acceptor to the donor where the "hole" characterizes the deprotonated state of any mediating molecule. This pathway is distinct and is rarely considered in the discussion of proton-transfer processes. Using a calibrated quantum mechanical/molecular mechanical (QM/MM) model and an effective sampling technique, we study proton transfers in two solution systems and in Carbonic Anhydrase II. Although the relative weight of the "proton hole" and Grotthuss mechanisms in a specific system is difficult to determine precisely using any computational approach, the current study establishes an energetics motivated framework that hinges on the donor/acceptor pK a values and electrostatics due to the environment to argue that the "proton hole" transfer is likely as important as the classical Grotthuss mechanism for proton transport in many complex molecular systems.
I. Introduction
The detailed molecular mechanism of long-range protontransfer processes in solution 1 and biological systems 2 remains elusive despite the large body of studies 2-6 motivated by the prominent role of proton transport in bioenergy transduction 7 and technological applications. 8 The large number of chemical groups that potentially participate in the transfer process makes it challenging to pinpoint the transfer mechanism and critical factors that limit the corresponding energetics and kinetics. The fact that the dynamical fluctuations of these groups are likely important further complicates both experimental and theoretical analyses. Nevertheless, the classical Grotthuss mechanism 9 is commonly assumed (Figure 1a ), where sequential "proton hops" 10 between the initial donor and the ultimate acceptor are mediated by water molecules and/or other ionizable groups. Indeed, rather long "water-wires", intermittently mixed with titritable amino acid sidechains, are commonly seen in the X-ray structure of biomolecules that transport protons, 2,3 and the spectroscopic signature of protonated water molecules has been captured in the biomolecular proton pump, bacteriorhodopsin. 11 Theoretical analyses in the Grotthuss framework have supported the mechanism by reproducing a large body of kinetic data related to proton transfers in the condensed phase, such as proton diffusion in bulk water 6 and transport properties in a number of systems. 4, 6, 12 Perhaps due to these successes, mechanisms that involve the deprotonated form of mediating groups, such
(1) Ando, K.; Hynes, J. T. AdV. Chem. Phys. 1999, 110, 381. (2) Schultz, B. E.; Chan, S. I. Ann. ReV. Biophys. Biomol. Struct. 2001, 30, 23. as hydroxide for water, have been rarely considered in either experimental or theoretical studies of proton-transfer reactions. 13 Considering that protons are exchanged and charges are displaced, the intrinsic pK a of the donor/acceptor groups and electrostatics due to the environment are expected to play a dominant role in determining the molecular details of the protontransfer process; e.g., all accessible protonation states of the mediating groups, such as hydroxide for water, should be considered. Take a simple system in which a proton is transferred between two groups of similar pK a values through a number of water molecules. As illustrated schematically in Figure 1c , when the end groups have acidic pK a values (,7), the classical Grotthuss mechanism is energetically favored. When the end groups have basic pK a values (.7), however, it is energetically more favorable to first deprotonate the last water molecule along the chain to protonate the final acceptor group, thus generating a solvated hydroxide; a set of subsequent "proton hole" transfers toward the initial donor group then takes place to complete the process (Figure 1b ). Note that we prefer to call these "proton hole" transfers because this terminology describes any deprotonated molecule within the transfer pathway. When the pK a s of the end groups are close to 7, both the classical Grotthuss and the "proton hole" transfer mechanisms can contribute and which pathway dominates should depend sensitively on the electrostatic environment. In fact, these considerations suggest that for a reliable mechanistic description, the theoretical model has to treat the relative pK a values of the donor, acceptor, and mediating groups in a balanced manner.
In the following, we use hybrid quantum mechanical/ molecular mechanical (QM/MM) simulations 14-17 (see Supporting Materials for details regarding the calibration of methods) to explicitly discuss the diverse molecular mechanisms for long-range proton transfers in realistic solution and enzyme systems. These simulations became practical only recently due to a number of useful technical developments made in our groups, which include a reliable treatment of electrostatics in the QM/MM framework, 18 flexible samplings for long-range (a) Classical Grotthuss mechanism that involves sequential proton hops from the donor to the acceptor; (b) hydroxide mediated mechanism that involves first protonating the acceptor and then a series of "proton hole" transfers toward the donor; (c) relative energetics of the Grotthus and "proton hole" transfer mechanisms can be approximately estimated based on the pKa values of the donor/acceptor groups (AH, BH) and water (W) as well as hydronium (WH + ). With the right pKa combinations, (e.g., when both AH and BH have pKa larger than 7), the "proton hole" transfer pathway can be energetically more favorable than the classical Grotthuss mechanism.
"Proton Holes" in Long-Range Proton Transfer Reactions A R T I C L E S proton transfer with highly nonlinear pathways 19 and improvements of an approximate density functional theory. 17, [20] [21] [22] Although there are still limitations in the current methods, they are sufficient for establishing a computational framework to discuss the factors that dictate the detailed proton-transfer mechanism in complex molecular systems.
II. Systems and Simulation Methods
The main goal is to sample the relevant mechanisms of long-range proton-transfer reactions in complex molecular systems, such as solution and enzymes, and calculate the relevant energetics. The general simulation protocol employed is the hybrid quantum mechanical/ molecular mechanical (QM/MM) approach 14-17 that treats a small (typically ∼100) number of atoms with QM while the rest with MM. The setup details are given below.
A. Solution Systems. To emphasize the connection between the pKa values of donor/acceptor groups and the molecular mechanism of proton transfers, two proton exchange reactions in solution are studied. For each solution simulation, the setup is essentially the same; one solute and its conjugate base (CH3COOH/CH3COO -; protonated and neutral 4-methyl-imidazole) are placed symmetrically about the origin and solvated in a 16 Å water sphere (∼600 water molecules). The solutes and nearby water molecules are treated with SCC-DFTB 20,21 (see Section II C for details) and the rest water with the TIP3P model.
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For both systems, the donor and acceptor distance is approximately maintained throughout the simulations to be ∼10 Å by applying positional constraints to a few solute atoms not directly involved in the proton transfer: all four carbons are constrained in the acetic acid simulations whereas the CE1, CD2, and the CB (methyl) carbons 24 are fixed for each 4-methyl-imidazole. To facilitate error analysis in the simulations (see Supporting Materials for details), several "halfreactions" that involve the proton exchange between a protonated/neutral 4-methyl-imidazole and water are also studied, in which a single solute is constrained to the center of the water sphere and a dummy atom is used to weakly constrain a nearby (5 Å from the donor/acceptor nitrogen) water molecule as a reacting partner.
Nonbonded interactions (electrostatic and van der Waals) for the inner region are calculated without cutoffs. The bulk electrostatics are considered via GSBP 18,25 with an 18 Å inner region, which includes an additional 2 Å buffer region. The generalized reaction field matrix is evaluated using 400 spherical harmonics with an outer region dielectric constant of 80. Thermal collisions due to the bulk are included in the outer 3 Å of the 16 Å water sphere via Langevin dynamics 26 and the Langevin atom list is heuristically updated during the simulation. A 1 fs time step is used and the temperature is maintained at 300 K. Bonds involving hydrogen are constrained with the SHAKE algorithm 27 for MM waters and QM groups that are not explicitly involved in the proton transfer (see Section II C for details).
B. Carbonic Anhydrase II (CAII). Carbonic Anhydrase II (CAII) is a classical zinc enzyme that moderates respiration by catalyzing the interconversion between CO2 and HCO3 -. A large-body of kinetic studies have established that the rate-limiting step of the catalytic cycle involves a proton transfer from the zinc-bound water to a solvent accessible residue (His 64), under the high-buffer condition, 28 thereby generating the zinc-bound hydroxide that acts as the nucleophile for CO2 hydration. The zinc-bound water and His 64 are separated by at least ∼8 Å, 29 thus water molecules in the active site have been proposed to facilitate the proton transfer via the classical Grotthuss mechanism.
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This water-wire based "proton hopping" mechanism has been largely accepted in the literature; the precise nature for the proton-transfer kinetic bottleneck and the dominant transfer pathway (if any), however, remain unclear. 17, [30] [31] [32] [33] [34] [35] [36] [37] The relative small size of CAII and the rich experimental background make it an ideal system for the purpose of analyzing molecular details of proton transfer in realistic enzyme environment.
For the CAII simulations, the GSBP setup similar to that described in earlier publications 17,18 is used. The crystal structure (2CBA 38 ) is centered with the zinc atom at the origin, and additional water molecules are added for proper solvation. The inner region has a radius of 20 Å. The zinc ion, its ligands, the final proton acceptor His 64, nearby water molecules, and Thr 200 are treated as QM (see Sect.II.C for details), while the rest of the system is described with the CHARMM 22 force field 24 (modified TIP3P for water 39 ). In the outer region, the dielectric interface between protein and bulk (dielectric constants of 1 and 80, respectively) is defined by the atomic radii of Roux and co-workers; 40 the inner region has a dielectric constant of one. The static field due to the outer region is evaluated with linear Poisson-Boltzmann using a focusing scheme that places a 56 Å cube of fine grid (0.4 Å) into a larger 132 Å cube of coarse grid (1.2 Å). The reaction field matrix is evaluated using 400 spherical harmonics.
During the MD simulations, all atoms in the outer region (along with some atoms at the edge of inner region) are held fixed and provide anchors for the system. As in the solution simulations, the inner region is further partitioned into Newtonian and Langevin regions: 26 all atoms between 16 and 20 Å are treated with Langevin MD while the rest with Newtonian MD; all protein atoms in the Langevin region are harmonically constrained with force constants corresponding to the B-factors in the PDB file. The Langevin atom list is updated heuristically, a 1 fs time step is used with SHAKE applied to groups not involved in the proton transfers, and the temperature is maintained at 300 K. Water molecules are kept within an 18 Å radius by a weak spherical boundary potential. Classical electrostatic interactions and van der Waals interactions are calculated without cutoffs, as in the solution simulations.
The side chain of His 64 was found to adopt two rotameric states in the high-resolution X-ray structure of CAII. 38 The Nδ atom in the "in" and "out" configurations is ∼8 and ∼11 Å from the zinc-bound water, respectively. It is generally assumed that the proton transfer occurs with only the "in" configuration, 41 after which the protonated His 64 flips to the "out" configuration to release the proton to bulk solution, thus it is sufficient to focus on the results for the His64-in situation for the purpose of this work. An NOE restraint (with a force constant of 50 kcal/mol·Å -2 ) maintains the "in" conformation by acting on CG atom of His 64 only when the distance from the zinc atom is greater than 8.8 Å. In addition to the wild type simulations, simulations with the His 64 mutated to an Ala are carried out (see Section III B for the motivation). The mutant has been shown to have a 20-fold reduction in catalytic efficiency in the absence of buffer, 42 which corresponds to an increase in the barrier of ∼2 kcal/mol. The setup is exactly the same as the wild-type enzyme with only the imidazole of His 64 substituted by a hydrogen; this alanine residue is no longer included in the QM region. C. QM/MM Partitioning and Switching. For the solution simulations, the solute molecules and a cylinder of water molecules, defined about the line connecting the donor and acceptor atoms, are included in the QM region; the radius of the cylinder is taken to be ∼5 Å. The QM/MM interaction consists of only electrostatic and van der Waals terms. Because water molecules are expected to diffuse rapidly, the QM and MM identities of the water molecules are allowed to switch during the simulation; i.e., at any given MD step, the distances of the furthest QM and closest MM molecules are compared and the identities are switched, if necessary; the frequency of switching is ∼2 ps -1 . To avoid large fluctuations in the energy, the number of QM waters is defined at the start of the simulation and held fixed throughout; 15-30 water molecules (depending on the donor-acceptor separation) are included in the QM region. Two to four water molecules are sufficient to bridge the solute, donor, and acceptor atoms directly; the larger number of water molecules included in the QM region add flexibility to "where" and "how" the proton-transfer pathway is sampled.
For the CAII simulations, the QM region includes the zinc with its three histidine ligands (His94, His96, and His119) and one water, His 64, Thr 200, and all (∼14) water molecules between the zinc bound water and His 64. For all histidine and threonine residues, a link atom 43 is placed between the R-and -carbon atoms and the MM bonding terms are retained. As in the solution simulations, the QM and MM identities are allowed to switch to properly treat the exchange of water molecules between the active site region and the bulk; the frequency of switching events for the enzyme simulations is ∼0.3 ps -1 .
For the QM level, the SCC-DFTB approach 20,21 is chosen based on its overall balance of computational efficiency and accuracy. 44 Specifically, the standard second-order SCC-DFTB approach with improved hydrogen bonding interactions 17,22 is used. As shown in previous studies, the hydrogen bonding correction is necessary to avoid unbalanced QM/MM and QM/QM interactions especially at the QM/ MM boundary. 17 As discussed in the Supporting Information, this parametrization of SCC-DFTB yields a balanced treatment for the proton affinities of the donor and acceptor groups in CAII, which is important for describing the corresponding reaction free energy. The errors in the proton affinity (PA) can be substantially reduced by using an improved version of SCC-DFTB including third-order terms, 17, 22 but this approach introduces errors in the PA difference between the zinc-bound water and His 64 in the CAII simulations. In the end, as long as the errors are understood, an accurate mechanistic picture can be extrapolated, as will be discussed below.
D. Potential of Mean Force (PMF) Calculations and Analysis.
To simulate proton transfers in the condensed phase, PMF calculations are carried out; this approach naturally includes fluctuations of water and protein atoms at the room temperature. To allow a flexible description of the proton-transfer process without an a priori biased transfer mechanism, a general coordinate introduced in our recent work 19 is used:
where r atom is the position of hydrogens (H) or heavy atoms (X), w X j is the number of hydrogens associated with the heavy atom in its least protonated state as determined from the reactant and product; for example, in the autoionization of water, the donating water molecule has w O-donor ) 1 and the accepting water molecule has w O-accept ) 2. The switching function, fsw(d), allows the determination of bonds between heavy atoms X and hydrogen atoms H: 19 where d is the distance between the heavy and hydrogen atoms; rsw and dsw are the parameters that enable this function to determine whether the proton is coordinated to the heavy atom or not. This coordinate locates the position of excess charge within the set of atoms involved in the proton transfer, which in turn can be utilized to define an onedimensional reaction coordinate, where r D/A is the position of the initial donor and ultimate acceptor atoms. When R is 0.0, 0.5, or 1.0, for example, the center of excess charge is at the donor, in the middle, or at the acceptor, respectively. As shown in the previous work, the R coordinate gives a rather flexible and reliable description for long-range proton transfers; e.g., adiabatic mapping calculations with R produced reaction paths very similar from minimum energy path calculations for proton transfers in the active site of CAII. 19 The unique value of using a collective coordinate such as R is that the fluctuation between different types of water wires that connect the donor and acceptor groups 17, 18, 32, 33 is naturally taken account. The PMF corresponding to this reaction coordinate is calculated using the umbrella sampling technique with 19 windows. Each window is sampled for ∼120 ps for both solution and CAII. To ensure convergence for the CAII PMFs, three independent sets of simulations starting from different initial conditions (e.g., different length of the initial water wire connecting the donor and acceptor atoms) are used, which leads to a total simulation time on the order of ∼7 ns for CAII. Data from different windows are collected and merged using the weighted histogram analysis method (WHAM) 45 approach. The convergence of PMFs is monitored by systematically removing blocks of trajectories from the WHAM calculations, which showed that all PMFs have converged within 1-1.5 kcal/mol. In addition, following the recent suggestion from Thiel and co-workers, 46,47 the time series of the reaction coordinates was tested for trend in mean and variance (Kendall-Mann test for rank correlation) to ensure equilibration. For the data after equilibration, the data was coarse grained and tested for correlation (von Neumann test for serial correlation) and normality (Shapiro-Wilk test for normality). All of these tests were carried out at the 95% confidence level. The number of coarse grained intervals was 24 or larger in each case. These tests ensure equilibration and that the sampled data is characteristic of the ensemble.
To characterize the protonation states of heavy atoms involved in the proton transfer, the excess coordination as a function of the reaction coordinate, R, and their position relative to the reaction coordinate are analyzed. The excess coordination, ν 0 X i , of each heavy atom, Xi, is determined using an expression introduced by Chakrabarti et al.: 48 where fsw(d) and w X i is the same switching function and weight as described above; the coordination is normalized as follows, (42) 
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This normalization enables the qualitative descriptor ("excess coordination", see Figure 2 ) to determine how the protonation states vary in space, relative to the reaction coordinate. The parameters dsw and rsw are adjusted for optimum differentiation between hydroxide and hydronium geometries (rsw ) 1.25 Å and dsw ) 0.04 Å). For the position of the heavy atoms, we use a similar expression as R to measure the distance relative to the donor and acceptor atoms, E. Electrostatic Potential Calculations for Relevant Protonation States. Linearized Poisson-Boltzmann (LPBE) calculations are carried out using the PBEQ module in CHARMM to qualitatively evaluate the electrostatic potential for three protonation states of the CAII active site. The three protonation states are as follows: doubly deprotonated with a zinc bound hydroxide and deprotonated His 64 corresponding to the active state of the enzyme in the direction of CO2 hydration; a singly protonated state with a zinc bound water and neutral His 64 corresponding to the active state of CAII in the dehydration direction; doubly protonated with a zinc bound water and protonated His 64. The doubly protonated and deprotonated states provide a description of the electrostatic potential seen by the hydroxide and hydronium protontransfer pathways. The state that contains deprotonated zinc-water and protonated His 64 is not studied for its electrostatic potential despite its mechanistic relevance; this is because the purpose here is to study how the active site accommodates ions (hydronium or hydroxide) rather than neutral water.
To generate the three corresponding charge distributions, the solvated crystal structure (2CBA) 38 is used. The SCC-DFTB region containing the zinc with its ligands along with the protonated H64 is represented by SCC-DFTB Mulliken charges for the three protonation states with proper solvation of the active site. All water molecules not bound to zinc are then removed in the LPBE calculations. The protein dielectric boundary is defined with a water probe radius of 1.4 Å and atomic radii of Roux and co-workers; 40 the dielectric constants of the protein and water are set to 4 and 80, respectively. The electrostatic potential Figure 2 . "Excess coordination" for the donor atom, acceptor atom and oxygen atoms in the mediating water molecules during the proton-transfer reactions. Each positive/negative peak in the plot corresponds to a protonated/deprotonated heavy atom in the course of the reaction. The plots are for proton transfers between (a) two acetic acids (one protonated, one deprotonated) in solution; (b) two 4-methyl-imidazole molecules (one protonated, one charge neutral) in solution with the modified (NHmod) nitrogen-hydrogen repulsive potential in SCC-DFTB; simulations with the standard nitrogen-hydrogen repulsive potential produce results very similar to (a) and are not shown (see text for discussions); (c) zinc-bound water and His 64 in the carbonic anhydrase II when His 64 adopts the "in" configuration.
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at 300 K with zero ionic strength is then computed with LPBE on a cubic grid with sides of 68.4 and 0.4 Å grid spacings.
III. Results and Discussions
In the current work, we describe the net exchange/transfer of a proton between two chemical groups (donor and acceptor) through a set of water molecules; the mechanistic issue of interest is the relative contribution of the classical Grotthuss mechanism and a hydroxide (or "proton hole") mediated pathway. As illustrated by Figure 1c , the energy penalties associated with the two pathways are expected to be strongly correlated to the pK a of the relevant groups:
where the multiplication by 1.37 converts pK a units to kcal/ mol at room temperature. Note that by "energy penalty" we estimate the free energy cost for the rate-limiting event in a specific mechanism based on pK a values for the relevant species; therefore, the barrier for the entire proton-transfer reaction following a given mechanism is expected to be correlated to such energy penalty. Generally speaking, the accuracy of calculated pK a at a given level of theory for molecule AH depends on the calculated gas-phase proton affinity for AH and differential solvation free energy of AH and A -. Therefore, the environment may perturb the relevant pK a values in eqs 7 and 8 such that the relative importance of the two pathways may, in principle, vary from one system to the other even if the same donor and acceptor groups are involved.
From eqs 7 and 8, it is clear that reliable simulations require balanced descriptions for the effective pK a values of the donor, acceptor, water, and hydronium in the system of interest. Computing accurate pK a values with all-atom QM/MM simulations 49 is challenging, especially for water and hydronium; therefore, our strategy focuses on understanding the systematic error in our methods (see Supporting Materials) and analyzing the physical interactions in the process of interest rather than spending huge efforts in parametrizing system-specific parameters. As illustrated below, although the relative contribution of Grotthuss and "proton hole" transfer pathways remains difficult to determine precisely, the current QM/MM simulations are sufficient for supporting the framework for analyzing factors that determine the relative contribution. We first investigate the solvent-mediated proton transfer between simple solutes in water and then discuss the interesting case of carbonic anhydrase.
A. Solution Cases. Acetic Acid. For a pair of conjugate acetic acids (one protonated and the other deprotonated) separated by 10 Å in solution, the electrostatic interaction between them is sufficiently screened and therefore their pK a values are expected to be close to that of the isolated species, which is 4.8. 50 Therefore, it is expected that the classical Grotthuss mechanism is energetically more favorable than a hydroxide mediated "proton hole" transfer mechanism (Figure 1c ). The plot of the "excess coordination" for critical oxygen atoms during the simulation clearly (Figure 2a) shows positive peaks aligned diagonally; this confirms a classical Grotthuss mechanism with sequential proton hops. Considering that the corresponding ratelimiting process involves the proton transfer from the protonated acetic acid to the neighboring water (eq 7), the pK a difference between the acetic acid and hydronium can be used to estimate the barrier to be ∼9 kcal/mol, which is not far from the calculated value of 14.0 kcal/mol for the potential of mean force (PMF) barrier ( Figure 3) ; the calculated value is overestimated due to the systematic error in the employed QM/MM method (see the Supporting Information). In addition, electrostatic contributions between the deprotonated solutes and the hydronium, in the barrier region, are expected to further lower the barrier by ∼1 kcal/mol, this will be discussed next in the context of 4-methyl-imidazole.
4-Methyl-imidazole. For a pair of conjugate 4-methylimidazole molecules ("HisH + " and "His") separated by 10 Å in solution, the proton-transfer pathway is more interesting. Because the pK a of the protonated 4-methyl-imidazole is ∼7, 50 the classical Grotthuss and the "proton hole" mechanisms are energetically similar (Figure 1c) . However, we note that the "proton hole" transfer pathway involves a larger degree of charge separation (hydroxide sandwiched between two protonated 4-methyl-imidazole) compared to the Grotthuss mechanism (localized hydronium between two neutral 4-methylimidazole) and therefore is expected to be energetically favored. In other words, the presence of the positively charged donor group (HisH + ) stabilizes the generation of a nearby ion-pair (OH -···HisH + ), and it is this stabilization that makes the "proton hole" pathway more favorable than the Grotthuss mechanism; a simple continuum electrostatics model (see Supporting Materials) provides an estimate of 1.2 kcal/mol for the electrostatic stabilization, which is significant even if the slightly higher (by ∼0.5 kcal/mol) mobility barrier of hydroxide relative to hydronium is taken into account. 51 (49) 
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The small value of the estimated electrostatic stabilization suggests that the sampled pathway in QM/MM simulations should be sensitive to the simulation details. As shown strikingly in Figure 2 , the Grotthuss and "proton hole" mechanism, respectively, is sampled as the dominant pathway with different SCC-DFTB parameters. With the standard NH repulsive potential, 20 the plot of the "excess coordination" for critical oxygen atoms during the simulation has the same feature as that in the case of acetic acids (Figure 2a) , which points to the Grotthuss pathway. With the NHmod repulsive potential, 17 which was introduced to correct for proton affinity errors for sp 3 hybridized nitrogens, the "excess coordination" plot ( Figure  2b) shows negatiVe peaks aligned along the anti-diagonal, which is consistent with "proton hole" transfers toward the donor group.
Based on the error analysis discussed in details in the Supporting Information, the fact that different mechanisms are sampled with different sets of NH repulsive potential in SCC-DFTB is understood and expected from their effects on the pK a differences. The calculated barriers of ∼13 and 9.5 kcal/mol (Figure 3) for the Grotthuss and "proton hole" pathways (based on different NH repulsive potential parameters), respectively, are within the expected error range from the value of 12.0 kcal/ mol based purely on relative pK a considerations. Although, the calculated barrier difference between the two pathways is smaller than the estimated systematic error for the QM/MM protocol used here and thus by itself does not prove that the "proton hole" pathway dominates, the fact that both barriers are close to the values expected based on eqs 7 and 8 supports the current framework of analysis. Therefore, the simulation results combined with the electrostatic argument presented above argue that the "proton hole" pathway is likely dominant for the proton exchange between 4-methyl-imidazole (and molecules with similar pK a values) in solution. This prediction can be tested with full QM or QM/MM simulations with higher level QM methods as well as ultrafast spectroscopic measurements similar to that in ref. 10 B. Carbonic Anhydrase II. Wild-Type (WT) CAII. The estimated classical barrier from the PMF calculations for the WT CAII is ∼13 kcal/mol (Figure 3) , which is ∼3 kcal/mol higher than the experimental estimate of 9.5 kcal/mol (with a maximal rate of 10 6 s -1 ). 28 Considering that including zero-point energy and proton tunneling typically reduces the barrier height by 2-3 kcal/mol for proton transfers at 300 K, the agreement between experiment and calculation is encouraging. Moreover, it is satisfying that the experimentally observed thermoneutrality of the reaction is also reproduced by the current simulations; the calculated and measured values are +0.1 and -0.4 kcal/ mol (the experimentally extracted donor/acceptor pK a value is 6.8 ( 0.3 and 7.1 ( 0.3, respectively 41 ), respectively. Strikingly, the "excess coordination" plot shown in Figure  2c clearly demonstrates that the sampled proton-transfer mechanism in CA II is largely dominated by the "proton hole" transfers, as indicated by the negative peaks along the antidiagonal. Examination of snapshots from the simulations (see Figure 5a for an example) shows that the hydroxide is stabilized by many polar interactions in the active site, which involve not only water molecules but also sidechains of polar amino acids such as Thr 200, Asn 62, Asn 67, and Gln 92. Therefore, although hydroxide or "proton hole" transfers have not been discussed in any previous studies of CAII, it is clear that the active site of this enzyme is capable of accommodating the negatively charged ion (also see below).
This somewhat unexpected result might, however, be an artifact of the simulation protocol used. Indeed, the above discussion of the 4-methyl-imidazole case highlights the trend that the "proton hole" transfer mechanism is artificially favored over a hydronium pathway when the NHmod set of parameters is used in SCC-DFTB, due largely to the unbalanced description of proton affinity of water, imidazole and solvation of hydroxide (see the Supporting Information). Therefore, it is important to estimate the energetics for a hydronium pathway in CAII and compare the barrier difference to the magnitude of the error inherent in the current SCC-DFTB/MM simulations if any conclusive statement is to be drawn. Unlike the case of proton exchange between 4-methyl-imidazole and its conjugate acid in solution, switching to a different NH repulsive potential is not a good option because the reaction in CAII is no longer symmetric, and therefore, the calculated free energy will also be largely perturbed. Instead, we chose to calculate the energet- Figure 4 . Radial distribution functions for the solvent oxygen around the "proton hole" for the proton-transfer reaction, between (a) two 4-methyl-imidazol es in solution and (b) the zinc-bound water and His 64 in CA II, at different stages in the process. The position of the "proton hole" is given by an expression similar to that for B in eq 1, with the opposite sign and weights of the donor and acceptor defined as the number of protons in the most protonated state relative the reactant and product (i.e., 2 for the zinc-bound water and 1 for Nδ in His 64).
ics for the proton transfer from the zinc-bound water to active site waters, for the H64A mutant, with the final acceptor water located ∼5 Å away. Without His64 or any external "rescue" agent as the acceptor, the proton transfer must follow the classical Grotthuss mechanism. Since the site of mutation is at least 8 Å away from the zinc-water site, the energetics for this proton transfer is expected to be very similar to the Grotthuss mechanism in WT CAII. Experimentally, the overall rate of proton transfer in H64A was observed to drop by a factor of 20, in the absence of buffer, relative to the WT; 42 a possible source of this rate reduction is discussed below.
The H64A Mutant and Grotthuss vs "Proton Hole" Pathways in CAII. The calculated PMF indicates that the initial proton transfer in H64A is up hill by ∼21 kcal/mol. Although this value appears much higher than the calculated barrier of the "proton hole" transfer mechanism found in the WT simulations, there are substantial systematic errors associated with the current SCC-DFTB/MM simulations. The thermoneutrality of the WT PMF (Figure 3 ) reveals the similarity in the pK a s of the zinc-bound water and His 64 with the NHmod repulsive potential in SCC-DFTB. Considering the experimental fact that the pK a of His 64 is not shifted substantially between solution and the CAII active site, the energetics of proton transfer between a protonated 4-methyl-imidazole and water in solution should be comparable to the proton transfer discussed above for H64A, if the solvation errors associated with solution and enzyme simulations are similar. For the proton exchange between protonated 4-methyl-imidazole and water, the formation of hydronium is overestimated by ∼9 kcal/mol; if one assumes that the systematic error transfers from solution to the enzyme systems, which is commonly done in the simulation field, 15 then the "corrected" estimate for the proton-transfer barrier in H64A is ∼21-9 ) 12 kcal/mol. On the other hand, the proton transfer from water to a neutral 4-methyl imidazole is underestimated by ∼4 kcal/mol; therefore, with a similar correction the barrier found in the WT PMF would increase from ∼13 to 17 kcal/ mol. While this supports the Grotthuss mechanism for CAII, the true character of the transfer remains murky as transferability of the error from solution to the enzyme environment is unclear. In fact, comparing the solvent structure around the "proton hole" during the reaction in solution (Figure 4a ) and CAII ( Figure  4b ) clearly shows that the "proton hole" in the barrier region ( R ≈ 0.5) is substantially less solvated in CAII relative to solution. Because a large portion of the systematic error in the current simulations of pathways involving hydroxide is the oversolvation of the hydroxide ion (see Supporting Materials), it is logical to expect that the systematic error is reduced in the enzyme relative to solution although a quantitative measure is difficult.
Does the existence of considerable systematic errors in our simulations mean the current study offers little new mechanistic insight? We strongly argue otherwise because the current work, for the first time, brings up the possibility that "proton hole" transfer may make an important contribution in addition to the "Proton Holes" in Long-Range Proton Transfer Reactionsclassical Grotthuss mechanism. Considering the relatively small absolute error associated with the calculated energetics for the "proton hole" pathway (see Supporting Information), the current simulations demonstrate that this alternative to the Grotthuss mechanism is not strongly disfavored in CAII and in fact has energetics reasonably consistent with experimental measurements. The difficulty in pinning down the relative energetics for the hydroxide and hydronium mediated pathways only highlights the challenge associated with simulating reactive events involving "delocalized" species in the condensed phase, such as hydronium and hydroxide. This is a major challenge not only for semiempirical level of QM/MM methods but also higher-level QM/MM simulations, especially considering the importance of extensive sampling. Therefore, instead of putting huge efforts into "fixing" SCC-DFTB/MM for the problem by developing system-specific parameters, we make several observations to supplement the QM/MM results and argue that the "proton hole" transfer mechanism likely makes an important, if not dominant, contribution in the WT CAII. Verification of this prediction requires further theoretical as well as experimental studies; in this regard, we note that probing mutants with shifted pK a values for the zinc-water and the proton accceptor group is of particular relevance, although it is also possible that the dominant mechanism in the mutant is different from the wild type system due to the shifts in the pK a values.
First, the pK a values for the initial donor (Zn 2+ ·H 2 O) and final acceptor (His 64) are experimentally determined to be ∼7; thus, both the "proton hole" and Grotthuss mechanisms are likely to contribute if the enzyme active site resembles bulk water. Which mechanism dominates depends largely on the electrostatics in the active site, which dictates whether a positively (hydronium) or negatively (hydroxide) charged species is better stabilized. Considering that the biological function of CA II is to accommodate the negatively charged bicarbonate, it is plausible that the active site is configured through evolution to favor a pathway involving a negatively charged species rather than a positively charged species. In Figure 5 , the electrostatic potential of the active site is shown in three different combinations of protonation states of the zinc-bound water and His 64. As long as the zinc-bound water is charge neutral (Figure 5b,d) , the electrostatic potential in the region between the zinc site and His64 is largely positive, especially when His 64 is protonated (Figure 5d) . Therefore, the electrostatics of the active site is fully compatible with the generation of a negatively charged hydroxide and subsequent "proton hole" transfers. When the zinc-bound water is deprotonated (Figure 5c ), the electrostatics between the zinc site and the neutral His64 are nearly neutral thus do not particularly favor the generation of hydroxide or disfavor the presence of hydronium. The sensitivity of potential to the protonation state is consistent with the reVersibility of catalysis for CAII; i.e., when the zinc-bound water is protonated, the positive potential primes the enzyme for the dehydration of bicarbonate.
Second, it was established experimentally that the rate of proton transfer is reduced by a factor of 20, in the absence of buffer, in the H64A mutant. 42 The EVB analysis of Warshel et al. 30 argued that the rate for the classical hydronium pathway in the WT CAII is dictated by the first proton transfer from the zinc-bound water to the next water molecule. Therefore, to rationalize the drop in the overall rate in the H64A mutant, it is necessary to argue that the proton transfer to water molecules at the surface of CAII is substantially slower than those in the active site. Although this may be justified by a higher reorganization penalty associated with the former process, detailed analysis has not been available. If the "proton hole" mechanism is dominant in the wild type CAII as we suggest, a simple alternative explanation can be presented: the "proton hole" mechanism is more favorable in the wild type but not possible in the H64A mutant. In fact, the 20-fold difference in rate might provide an estimate for the difference between the hydronium and hydroxide mediated mechanisms in the wild type CAII. Which explanation is valid can be probed by detailed simulation of proton transfer from the active site to the surface of the protein, which is currently underway.
IV. Concluding Remarks
Although the quantitative results presented here for specific systems are subject to limitations associated with the simulation techniques and much study remains to thoroughly analyze the large body of kinetic data available for CAII and its mutants, the calculations here established a framework emphasizing that long-range proton transfers in solution and enzyme can exhibit very different molecular details depending on the pK a values of the participating groups and electrostatic interactions with the environment. Therefore, we argue that the classical Grotthuss mechanism that has dictated the analysis of long-range protontransfer processes is likely oversimplified and should be supplemented with the possibility of "proton hole" transfers being equally important. Although the role of hydroxide transfer has been eluded to in previous discussions of proton transport in bacteriorhodopsin, 52 the current analysis provides the first direct argument with energetic considerations concerning a "proton hole" pathway. The results also further highlight the diverse roles of water in biomolecules and extend the list of "functional waters" to include not only protonated water 11 but also hydrated hydroxide.
In addition to biomolecules, proton transfers in nanomaterials are also expected to exhibit rich behaviors considering the interplay between polar interactions and hydrophobic confinements. We encourage experimental identification of hydroxide signatures in these systems using state-of-the-art spectroscopic techniques. The difficulty with a more quantitative computational analysis highlights the challenge associated with simulating reactive events involving "delocalized" species such as hydronium and hydroxide in the condensed phase, and calls for the development of theoretical methods that can incorporate all accessible protonation states of key species in a computationally efficient manner.
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